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I1MMUNE RFSPONSE TO) P( LYPEPTIDYL PROTIEANS IN

RABBITI1S T LE'RANT TO 1THEI PROTIEIN CARRIE'RS

I I ilI I f Hvi, SIR'Ih \INy(AR, M\1i1PM I- S I lo, DA~VID NACiIITv,\t and

AI1 1 l ,F I i)NAN

'h Wt izi.rmv Inrstitute , t Science, Refi., ()t. Isradl

(ot cer? ed 22 lu/v 1964 )I I NTROI)UCIION

THF Speciticity of immunological tolerance has been considered to reflect the
inechan~sm of recognition between 'self' and 'not-self' antigenic determinants.
It Isusually postulated that the experimentally acquired immunological tolerance
anld niaturial tolerance arc based on the same, yet unknown, mechanism.i(' Accord-
ing)v, the immunological manifestations of these tw-o systeins of tolerance were
expected to be basically sim~ilar, and an experimental alteration of the tolerant state
achievýed in crne sfo,ýteým might be relev'ant to the other. Thle present study was carried
out \\ ith a twofold aim: (1) to study some molecular paramueters associated with the
breakdowvn of ac-quired immunological tolerance; (2) to analyse further the simillarity
of immunological manifest-ati.-ns of rhe two SYstems of tolerance.

I lapten protein conitugates have beeni previously employed to Investigate these
two aspects. Tlhe induction of tolerance to serum prot Iiis, followed by immiuniza-
tion .%ith the azo-protein conjugates, has been used in studies noth of the discrimina-
tion between the tolerogenic protein and the hapten componento2 -6 ' and the
suhsequent effects of such conjugates in terminating the tolerant state, Although
breakdoxvn ot toderance, usually at low levels, has been reported In a number of
investigations,v1 It the study of thle molecular properties of the immunogenic
com ponenits w hich determ Iine the tcrmil1nation of tolerance, has, so far, been Ilimited.(7,

Immunological studies of po)NrpcptidYl proteins have shown that the attachment
of polv pept ide chains !c, potent proteinl antigens may change the serfilogical
,;pvciticity towfards the peptide component, (9.10 while their attachment to such

poor antigens as gelatin mlay in sonme cases (e.g. peptides of tyrosirie, tryptophan,
phenvl. lalanineI iitht in result in astrong enhanicement of minmunogeni IcitNv

InI the present in,,etigiAtiyn '.f e tested thle Immune response to serum proteInIs
11n 11 itie bYi itthifilt of pept ide chiains, in animals Ahich ha~c e ither acquired

tilcrarice too thle pro tein (.5 rrier or were ntialtoentto thle protoein. RabbitS
mAde tolerant to huiriui scruin albumin (I ISA) bv neonatal injed, ions, of tOe antigenl
\C!tC Min)r 1ii! i/cdl %it h pt,1fo-i.-t vrOis' I I S. or pl-Laav II S.V No)rnal rabbits

\%cre sini !arkv treated %Nith pI I.v--t~rosmland polv-iu-AlanO rabLit serumi all)fIui rns
T . he utlio.w ' \ lot po 'l \pcpt Idyl pir(teitcin to termiinate the acquired ii ,re-

spowsi~ Chess \Aas e\Ataluate %% ith respect to the degree oft einrchrnint of the pn ,teif
%with t~ r4)sInci pep! idcý and the chemical nato re of the po l~ope-p! sd~ o ;pne
An1t il)(licis I'tirnied against tilie pep!d fiemyoict \ IIiI bfth t' ler.if.t sffstcnis %%ere comit-
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pared in o)rder to examine the possib~le similarities in the recognition mechanisms
of natural arid Induced tolerance.

M ATE R I A L .S
Human serum albu-iin (Fraction V, powder) was obtained from P~lasmna

Fractionation Institute of Israel, Jatia-'1'el Aviv. Rabbit serum albumin (Fraction V,
powsder) and crystallized humnan serum albumnin were purchased from Mlann
I(esearch Laboratories, New York, N.Y. Crystalline bovine serum albumin was
obtai ned from Armour Pharmaceutical Companyv, Eastbourne, England. (Gelatin,
V..S.P. granular, was obtained from Fisher Scientific Co., Pittsburgh, Pa. Ribo-
niiclease A 5 -recry-stallized, (lot -63 11-1010) was purchased from Sigma, St Louis,

P'O/vpeptidt-l protei'ns. T1he polypeptidyl proteins used in this studY are listed in
'F'able 1. T1hey were prepared by the reaction of the protein with the appropriate
N-car!,ox%-a-arnino acidi anhydride'1 ' '") ( N-carhox',-m.-alanine anh y('!ride 0 4, or
N-carboxN--L-tvrosine anhvdridie' i') . 'I ,c protein (I g) was di 'ulved, in every case,
in 0.05 Ni phosphate buffer p' 1 7(11 (80) ml); the N-carboxy-a-amiito-acid anh',dride
dissolved in dioxane (401 ml) was added at 5 , and the reaction mixture was kept at
5 for 24 hr, after which it w , dia~yscd against several changes of dlistilled water.
The contents of the dialysis bag wvere brought to p11 7-0 ývith a few drops of 1 ýN
sodium hydroxide, centrifuged at 80M0 rev mmn to remove any small amount of
precipitate, and the clear solution %%as Ivophilzcd. All the materials prepared were
obtairted in a water-soluble form.

Tlhe extent of enrichment of the protein derivatives with the amino-acid residues
attached was calculated] from the amnino-acid content before and after polypeptid 'vla-
tion. For the two) piotein deriv.atives 520,pTyrl iSA and 525,pAlaIISA, the
number of peptide chains attached, on the average, to one protein rroiecule was
obtained by the determination method used for polvalanyl riholluclease.061 In this
method the lvsine content ',"as ietefrmined in the polvpeptidyl protein before and
after dearnination with nitrous icid.

Phtsiu~j~ ~fht a iraofe riza~io',. '[he polypeptidyl protein preparations in-
%~estigated %%re subjected to sedimentation and diffusion in the uIt race ntri fuge. It
w~as predicted from a theoreticai analysis of the ki~nctics of polymerization of linear
and multichai~n pol~vamnino acids that both lincar and miiltichain polymers of
amino acids should p~ossess arelativly lnarrow d-isýtributtio~nof molecular weight. I 17.1iN

'[his 'Aas demonstrated through physicochernical studies of polymersliV 21 as
well as chroraeographic and iiltraccntrifugal Ftudics of polvalanyl ribonuclea~e.(16 1

Sedimentation experiments were performed on 0-1 per cent If) per cent solutions
(If the protein ders afl es in 0-1 1 phosphate buffer 1l11 7.(), while th Iffso

e\pecrifll(nts were ocariieu Out oIn 0-3 1-11 per cent solutions in the same buffer.
Tihe extrapolated sedimentation and diffusion ccfhicients are given in TIable 2.

A partial specitic v olumne (If I 73 ýk as used in the L'alctiiati(In (If the molecular weights
(thie partil seitiscc ltci~lume of human serum albumnin is 0- 736,I2 (22If tvrosine restid ue,
0-7112:" and of alanine residue, ((72).I" T he molecular weights calculated from the
ph~ 'sic(Iclivniical measurements arc listed in Table 2, an] compared with molecular
\,,eights calculated from chemical anal\'sis. IData for human serum albumnin are
go. en for the purposes (If comparison.



IndtuctiOpi of tirh-rapue. I K'ý rv IIt tcr off iieý I orn rabhbhIts u s' ,eCd eqluall v
into art experimienital group andi a cuntrii group. T1he xp - '9innais \icrc-

injected liltrapt.ritoneiall wIyth 40 rug i~f antigcii ith in 24 hr .1,.Lel ftill, anim t her
411 mng a \ eck later, and at tiird dose off 01) ing at t ho aige off 0( day s.

Imm~unizeitiO't proct-durc. Tihe ntitigenis used %%ere inictrpo irted Iin a wvater-in-oil
adjuv~ant mi.\tulc. 21 Equi nl parts off 3-0 per cent antigen sclution in aqucmi is 0 1)

per cent sod ium chlo i)ride( and readyv- prepared c imp lete Freu nd SI *ju in mt fr' mi
DI fcO I aiu iato iries, Doetroit , Al ich., \%kcrc, hinomogenized bY repeated filling aIndl
fo)rcibl -)e (Jttun tromi it sviringe.

St-it m-i tatidi. n I )Itfusif 'ii

dusigiiatiori oA 0ýo" (1)2.. \' Avraizc nn'iiculajr %%vigith

'I *Nr f'r A-LI c -n( ,nnratiiin I comcrictr~atwin) ; atI( I) unrichlywilln

I IS \; 1.32 07,00

;~19, P'iv r IIS\ 44o) ;71 69. 50)11,7301
; 21! , p'Tr II SA 4 55 .; ; 73, ;1 A) ;,9()(1
;2.;,p-\lali.SA 4-7() 490) 8 1~l 50 3,45(f

*Fri mi I'tt Ir'cn.'

'I lie Infinnulizat im \N ~as startedl I mionth after the last toicro genie i njectii i
l'ach matcrial tL'Stld 'N as Injected lilt() si\ rabbits in theC tc~t grOiiup .:ftcr prc-
itimutnizatimn bleedlings, the antigen \was administered Into) the thighs ioif the fiund

leg mf ineannils I' r.einjecu nsotI -Onil off tineadlux ant in I\t iircxcrc gi nat
fInr)tnnghtl\ intcr ais; 3 xx eCk-safter the third ijeet ion 211 rug odantigeni Iissi ii d In
I il ()f 11-9) per cent Sodium111 chlorideC %%as I ft rax %n "I].%l administeredl.

'Ihean inals\ ex re bled I dax mi \ec ii ignii ie ii n hi eax u
tested qi nalitatimxclxy. On )uC xx ck atter tine i utrax eneous ii . ~ctim in, sera xx crc col lected
for (1tiantitatimx precipit in tests.

Pi'ruipilui sludifs N Qmalitatix e arid qmnan1titatt ixe prccIpitin recati ins xx crc carried
mut ()in Sera i)f rdnid i~hal rabbits. Ini qinalitatix e tests I nercasi rig ariioml ints 4if an Itigeril
(5, 11), 25 and 51 jg) diss~oI xd in 1)I5 finlli (()i' per cent soditim chloride %%cire added
to I112 nil of ant iserumin. T1 he content-s (if the t i ibs xx cre fil\-(, placed fin at xxater
bath at 37 fi r I Ii- , arid precipitate fi rrilat ii iiixas recoiirdeid after 24 hir at ;5
Oiiantitat ix prucipItin tests xx crc carriedI out [in a tinal \i dlnineof 1i 5fill I. ncreasing
amo u nts off art igen xxcrc added to) a tciirstarnt ofltnieuf serum (0 12, 0- '5 or 1I- I in!,
&cpendurng oni the( irimimine response), the In bes \%ecre mixed, plfaced] in at water bath
at 37 C' for I hir, and then at 5 C fOr 48 hr. The tubes xx crc cenitrifuiged and the
precipitateus xx inch bwic irne k wre xxashed three tinies x t h Cliilled (2 (C) aqueous
0.19 per cent si d i mi cliii ridV and d issolxed Inll 0- N soidiurno hYdroix de (1-1 nill).
Th (F)~lf~i iii if tic hse: sofluit mis was read at 28M~ A.
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i'he amnount (if antigen1 in the pt 2cipitates vkas determined in several cases after
Wa-tdling with "llI. The anribo(.Iv, contei i was the ui ohtainei f i oni thlt IneasU!ited E,
after deducting the calculated 1' Of the antigen.

Ffir- Teh'nique. Binding to antibodies wvas estimated ak:o by m'nicis of the Libelled
antigen technique of Fat as modified bv TIerrcs and T'115 Ihe lalhiling
",as carried out -vi~h "lI. The radio-iodinatc'd albumm s ýNere emploved in a
concentration of 21) jig ml].

IRa,`1*actiz 7'tv. Radioactivity of a ntigen- antobodly I.rccilltates, as %weCl a;- thlt
supernatant iiUids, and of the amimi(.nniu -.ulfate precipitates formed in the
Farr technic' -, was measured In a .vell-type TIracerlah Scwotillation Counter.

S'edim".-,Atatin analysis. Thi'hs was carried ow in a Spinco niode! F -itracentrifiige,
at 20-22 , wvith a Scitlieren optical svsteni. TJhe sampl,-. were sedimented at
59,780) rev _inl.heiv results ,vere correcte-d to 20.

IDiffustwn measurements. These wvere performed -in the sa!r".e Spinco mod.el F
ultracentrifuge, according to D)aniel and Katchaiski.20 Th I'ou) ndiafwy b~tween the
solvent and the solution was obtained with a syntheticz-bouridary xllI and operating
at low gear (9341 re,. mmn). At this speed the sedimenta,.tion of the protein der)% atix e
is practically negligible.

A4mino-acid analyi~s). lhe enrichment of a pcolyalanyl protein with alanvi residues
was determined b% quantitative analysis(251) with the Beckman-Spinco automatic
amino-acid analyser model 12011, Beckman In~struments, Inc., Palo Alto, California.
The samples to be analysed %%ere first subjected to hydrokusis w'ith 6 N 11(0 in
sealed tubes, at 110 C for 24 hr.

IDeamination of polvpeptt dvi protei'n. I n order to d-termine the number of ami-ino
groups in an albumin whiich might be unreactive as polvarnino-aclid sidt-chain
initiators, the polVpeptidvl albumins wvere treax d with nitrous acid. The protein
(5 -6 mg) %%as dissolved in 0-5 ml of water; [-5 ml of saturated aqueous NaNo. and
0-5 ml of glacia! acetic acid wvere added, and the rmixure allowed to stand. overnight
at room temperature. The entire preparation wvas theaj dialysed ag~inst distilled
water and Ivophilized, and after hydrolvsis in sealed tubes in 6 N IICI at 110 C
for 24 hr, it wvas analysed quantitatively as abo~ e.'!1

REISI'IIS
Immunolu4'ual re'aetions (if rabbi't anti-lIS.4 and (4flti'-Pl1Ve~tidvl lISA -1i1th
Poiipepti'dvl Proteins and 7cith l1S.4

Tlhe experiments reported in the present study were concerned with the immuitne
responses elicited bY polypeptidyl proteins in animals made tolerant to the protein
carriers. Since pTyrl ISA andi pAlal ISA were the main immunogenic materials
applied in this; iiies;tigation, experiments were first performed to test whether the
enrichment of I1S;\ with tyrosine or with alanine peptides has not masked thle
or-iginal antigcnIcitY oif the nativec I ISA. Rabbit anti-I lS. serum vas tested for
cross- reacti1vity w .ith 3, 7 and 13 per cent p'lvrI ISA, and with p AlalIS'-A, as com-
pared with the precipitinis formed with I IS.. 'lI'he results ('Fable 3) showed that the
degree of cross- reactivit% with p'~r~lISA "as similar to the reactivity wihIISA.
It caii, thus, be concluded that the attachment of peptides, to INIA. did not miask
significantly its original specific determninants,. Tlhisi is also Inferred from the reciprocal
tests: antibodies to pol~ peptidvl II SA preparations cross-reacted strongly %Nith
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I IS. (TFables 4, .5; Figs. 1 4). T1his Indicates that not cnly the antigenic specihcitN'
(if the native I IS., but also the immunogenic capacity of I ISA has been preserved
to it great extent when this protein was enriched with polv'peptide Chains.

'-vAtiw 4. Q[A LI 1AII\ F I 'RH IIT IN -ri~sT4 IN NORMM I AN D) TOI ERAN T RAmIirrs A r -%R[OI S

Sl k.J-S OF INMM! NIZA If()%

Tlest antigen

I l(I11nolk)goUS I I-SA

( rutp Jri munogcn adj ad.1 adj ad) aIdj adj

(1) (2) (3) i 1, (2) (3) .

I lISA contr(Il 4 4* 4 4 4 4 44 4 4 4 4 4 4 44
tolerant ((6 0 6 0 6 06 0)6 06 0 6 0'6

2 3.pI'v*rIISA (51X) control 4 4 4 4 4 4 44 44 44 4 4 4 4
tolerant ((6 C(6 0 6 2'6 0 6 (ý6 (0)6 1 6

3 7'"., pyuIII S A(519) control 2 4 4 4 4 4 44 1 4 44 4 4 4 4
tolerant 0 )6 2 6 36 5 6 06 2 6 26 4 6

4 13.., plNAIlSA (520) control 5 6 5 6 6 6 6 6 2 6 5 6 6 6 6 6
tolerant 0 0 3 6 4 6 66 0 6 06 1 6 46

, 24",, pAlatiSA (525) contro)l 1 6 5 6 6 6 6'6 0 6 3 6 4 6 66
tolerant 0 5 0)4 (14 24 05S 04 0 4 04

*Number oif rabbiti; reacting poisitIvelv per number of rabbits tested.

A1ntibodiv prodluction towards poltvpvptid; I Proteins in an ima~s toleranit to the protein
(arri'rs

TIhe analysis of the immune respor.s;es to polypeptidyl proteins produced in
animals tolerant to the protein carricrs, was carried out within the following
exper~timental scheme: Rabbits made tolerant to lISA and normal, non-tolerant
Controls, were (11% ided into 5 experimental groups:

I1) Immunized w ith INIA, to test the persistence of the tolerant state.
(2) Immunized with the .; per cent p'1'vrISA (518).
(3) Immunized with 7 per cent pTyr1ISA (1519).
(4) Immunized " ith 13 per cent p'Fvr1lSA (52o).
(5) Immunized %%.ith 24 per cent pAlaIISA (525).

The succe~ss,~c appearance of rabbits forming precipitating antibodies following
each of the three adjiivant test-i mmunizat ions, and the fourth intra~cnous
immuinization, are recorded in Table 4. TIhe results indicate that animals made
tolerant to I IS. retained the tolerant state when further immunized with I ISA
(group I ). ( )n the other hand, animals which had been made tolerant to IISA, and
then chtallentyed \A.ith pTIYl SA, formed antibodies which: (a) reacted with the
holmllogouis polypeptidvl] conjugate, and. (b) reacted " ith the carrier protein, H SA,
e . they m.i ifested a lbreakdo%%n of the pre\ touslY acquired tolerant state. TIhe

iimmune response elicited bY the con~lugated. proteins seermed correlated (a) with
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thle degree of vn richicfih~t of' IIIe I IS,, NI th lt vr's Ii ti "'iies rd (h) %% ith lth * ('tent
of irirnu1imaniati. Thii, .tolerant roImmals cliailentgý-d %% atl the ;r.,ork '- riclictl
I ISA, t he 3 per cunt p'I 'vrlI ISA (.ý f' ), (1 *A, I c 4, gi n,ý p -') ret.6i? i ed t liki r to ilera iceo.

t ) I I SA t hro)tght onit th ltfirst t lIr it vInitwin nizait it trs , mt I ( nflv i ftet r t he f,)rt e i ir tra

N efloMiS challenge, to () Wt o f !the sov rabbit, pr, driccd ant 1oit-de to the honi, )" OU.ttr

i uin nii Tit en ;(o these onl I(vtoe reactel kN ith I IS V T1 ' rc~iIlt- sho%%' that3
per centt enrichment with tyrosinie conwrrm-d .i ra' htr kweak win runt genl(IN iciv ei

thc ptih peptidv1 protein, v. lien to, ted it-, anrimal-, Ný ,iich had beeri 'iade tolcranr ti)

the. pr ittl in carrier. Further tvroi sinn' ton tit the'- 11 S.\ significantly mere-cased the.
rin inmtiogenic effect of ifhe pi cixpept dv I protrittn, botht iin termns of wtnivunhrs tif'

react inig animials, 3and of timec if appearance ott anti hi id' as a funcnt ion (t'i nmubc hrs

/C

1 3
Fo I.ExictI nat200A fsou-rs n0 sdimh~rxic fpr.*ii

t~ivs 40ant hvtheaddtim il'--. 51S e trtp1vII A; ,IIS 3

anig tlt.en. The number of t ,ac lize aniis in -INs ein ~reasetie ttsuceseiv injcions

al 4.tl p'inin afS~ter nth~er second c Iha preng ue by: ths fourgale precipict(in recton

wi1th I IS.\. again, starting after the second injection. Thus, the immunization with

7pet cent pTyrl IS.\ (519) was verv rapiL!!v associated with the- termination of
tolcrance. to IIA Essenitially simillar results were obtained w,.hen tolerant animnals



258 1. S,'IIECUI i ER, SARA 13 At NIiNGFR, Mt. SFY.A, 1). N~ mwr(;A. and N.I'ii, X

were challenged with 13 per cent pTvrHISA (52(0) (Table 4, group 4). Here, how-
ever, the formation of antibody to the polypeptidyl determinant as a function of
the number of antigen injections, preceded the formation of antibody to lISA. The
termination of tolerance, i.e. the formation of antibodies reacting with HISA
foYated the production of antibodv to the polytyrosyl determinant.

The formation of antibody to the polypeptidyl components in tolerant animals,
and the termination of tolerance, seemed to be determined by the chemical nature
of the amino-acid residues attached. Thus, when rabbits tolerant to HSA were
immunized with 24 per cent pAIaHSA (525) (Table 4, group 5)---only two out of

40AB

/35 //°

30 /\ /
25 / 1

20

09

5

05 ,

5o0 ')00 500 2000 50) 100r .' 00 2700C

Artgqpn adf-d I yg ' se, :r'

Fi: , 2. Extiti-ti n at 25(H) A of sohitiins in O)A N sodium t h,,dro xidt' of pre-
cipitattes obtained b\ the addition of-- , 519, 7 per cent p'rvrlSA; , ti.A;

5 '23, 14 pcr ot'nt p'i*yrRS\ to .anti.-ra agyainst 519 produt'ced hy: A, nmr'mal
I,,bbit (NO. 63)3 B1, rabbit tolerant to lISA (No. 12).

four produced sonie antibody to the hormologous antigen, and none formed anti-
body to JItA (Table 5, grotup 5). The pAlallS.A, under the e\perimet tal conditions
tested, did not break up tolerance to IISA. It is pertinent that in normal animals,
irnunization Iitli the sample o? p).lalISA resu lted in a atich higher prod)uctiOn
of antibodits and that these antibodies cross-reacted well w ith i IS.A.

It should be nroted, that all sera m hich were negatie against I|ISA in tht, pre(ipitin
tests, were also negati\e w'hen tested by means of the Farr method, namelh by
testing the binding capacity of the antisera to 1:1 I-labelled IISA.

An analysis of tht, correlation between the degree of enrichment %-ith tyrosine
residues and the ternmnation of tolerance to lISA, va.' carried Lut bY means of the
quantitati\t precipitin tests (Figs. 1, 2, 3 and I'able 5).

-Abe'
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F"igure I presents the precipitin curves of the two tolerant rabbits, which
produced antibodies to the homologous conjugate, following immunization with
3 per cent p'lyvr1SA (518). The ratio of anti-HSA to anti-pTyrHSA in the only
tolerant animal in which anti-1ISA has betn produced, is similar to that found in
the non-tolerant control animals. This similarity was also demonstrated when
tolerant rabbits were immunized with the 7 per cent p'FyrHSA (519) (Fig. 2 and
Table 5, group 3). When, however, tolerant rabbits were immunized with HSA
which wais more highly enriched (13 per cent) with tyrosine residues, the formation
of anti-lISA was decreased (Fig. 3 and Table 5, group 4).

; • I 1 TI T . . . ._ . . .._T. .. -

48, A B

40-
0f

3.2- 00j

L6 L -0

0.8 0
0 -

500 1000 1300 2000 2500 S00 O000 1500 2000 2500

Antbgen oaddd ( q ml serum)

Fio;. 3. Extinction at 28w0 A of solutions in 0.1 N sodium hydroxide of pre-
cipitates ohtained by the addition of- , 520, 13 per cent pTyrHSA; ., HSA;
0, 523, 14 per cent pTyrRSA-to antisera against 520 produced by: A, normal

rabbit (No. 79); 13, rabbit t(lerant to HSA (No. 41).

The final incidence of HSA-tolerant animals producing anti-HSA, following
immunization %ith 13 per cent pTyrltSA (520), was found similar to the incidence
of tolerant rabbits producing anti-liSA following immunization with 7 per cent
p'1'vrlISA (519) (Table 4). Yet the kinetics of tolerance breakdown as a function
of the number of antigen injections was different (Table 4): those immunized with
7 per cent I Ty'INr11SA show,:d an earlier termination of tolerance to HSA than those
challenged with 13 per ceait pTyr1tSA. Furthermore, the amount of antibody to
l lSA produced by the individual rabbits was significantly lower in animals im-
munized with 13 per cen! pTyrHSA, as compared to those immunized with
7 per cent pTyrl lSA (Table 5, groups 3, 4). Thus, the degree of tolerance break-
down was, wi'thin cer'.ain levels of enrichment wizh tyrosine (from 3 to 7 per cent)-
proportionally correlated with the degree of enrichment with the tyrosine residues.
Further enrichment wi'h tvrosine (from 7 to 13 per cent) decreased the reactivation

4•
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antisera against 525 produced bv: A, normal rabbit (No. 60); It, rabbit tolerant

to IISA (No. 29).

"TARI.F 6. ANr'rim)IiES To POLY-I)I-ALANYI. I)iFTR.NINANTS
I ,F-'%1)NS"RAT'I) IN (Htl)SS-RFA( +I'ION ITEsrs

anti-pAlalISA (525)
Test antigen anti-p AIaRSA (539)

pAIEISA (525) 1 4* 5 5 3 3
(61)W (19) (7.1)

liSA '04 44 0 3
(2-2)

pA IaR"SA (539) 2 4 5,5 3 3
(5.5) (12) (6-5)

pAlaRNas' 2 4 5;5 3,3
(29) (7) (4.5)

RNase P 4 (P 5 0 3

+ Number of rabbits reacting positively per number of rabbits
tested.

t Microwram antigen bound per ml serum (Farr technique),
average value.
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of the immune response to I ISA. The formation of antibodies in rabbits tolerant
to I ISA and immunized w ith 24 per cent pAhliISA (525) is presented in Fig. 4
aod Tables 4 and 5. Although no anti-IIS.\ antibodies have been produced in
tolerant animals, antibodies to the poly-i)I.-alanvl determinant could be demon-
strated. These findings were verified with the aid of the Farr technique (Table 6).

Response t, pollpeptidyl determinants in animals tolerant natural/v or experiamental/y
te, Jhr pi orlein iaIrl 'ls

The immunological response induced by polypeptidyl determinants, when
attached to a protein towards which the rabbits are naturally tolerant (i.e. RSA),
was compared to the immuno!ogicai response produced by the same polypeptidyl
determinant, when attached to a protein towards which the animals had acquired
tolerance experimentally (i.e. HSA).

Aoti-pTyvrISA produced in animals tolerant to HSA and anti-pTyrRSA, were
tested for cross-reactivity with pTvrGel and pTvrRSA. Since rabbit anti-HSA does
not cross-react with gelatin or with RSA, antibodies demonstrated in such tests
should be attributed to the polvtvrosyl determinants alone. The results of such
tests, carried out by the Farr technique, are presented in Table 7. Anti-pTvrH-SA,
produced by the 3, 7 and 13 per cent-enriched HSA, bound the 13 11-labelled
p'1'yr(iel at levels similar, in order of magnitude, to the binding of the same antigens
by antisera produced by pTyrRSA. These antisera manifested the same order of
binding capacity also when tested with p'lyrRSA. i'hus, animals which are naturally
tolerant to RSA, as well as animals which had acquired tolerance' to HSA, produced
antibodies to the tyrosine peptide determinants, when immunized with the
respective tolerogenic proteins enriched with tyrosine residues. In this respect,
therefore, there was no difference in the manifestations of the recognition mechan-
ism, between natural and acquired tolerance.

A similar experimental approach was applied in testing anti-pAlaIlSA produced
in rabbits tolerant to HSA and anti-pAlalISA obtained in normal rabbits. The
binding ca'pacities of such antisera to 13 11-labelled pAlIaHSA, pAiaRSA and

pAlaRNase are presented in Table 6. Anti-pAaIISA produced in LISA-tolerant
-abbits and antp.AlaRSA did not show any linding capacity when tested with
lISA or RNase (and, obviouslv, these antisera could not bind RSA). Yet, the two
ant;sera did bind the labelled pAlailSA, pAiaRSA and pAlaRNase. This indicates
that anti-polyalanine has been produced in tolerant animals, when immunized
wkith antigens in which alanine peptides are attached either to a protein towards
"which the rabbits are naturally tolerant, or to proteins towards which the rabbits
had ac(luired tolerance. Here, again, the immunological manifestations of natural
and acquired tolerance are basically the same.

)1ISCU'SSION

The experiments reported in the prese.it study haNe demonstrated that acquired
tolerance to lISA could be terminated it' the unresponsive rabbits are immunized
%kith polyamino-acid conjugates of lISA. Two parameters appear to determine the
breakdown of tolerance: (I) the chemical nature of the attached polyarnino acid:

pTyrlIISA was effective in the termination of tolerance, whereas pAlaHSA, under
the experimental conditions tested, was not; (2) the degree of enrichment %ith the
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appropriate residues. The capacitq of pTyrHSA to terminate tolerance to HSA
is correlated with the capacity of tyrosine peptides to confer antigenicity on anti-
genically weak proteinsG1.29 1 while the incapacity of alanine peptides to help the
breakdown of tolerance might be correlated with their lack of capacity to convert
gelatin into a potent immunogen.0') Thus, p'FyrHSA broke tolerance to HISA,
in contrast to p4IaHSA which was unable to terminate tolerance under the
experimental conditions of the present study.

The degree of enrichment with tyrosine was shown to determine the level of
tolerance breakdown. Enrichment with 3 per cent of tyrosine residues caused
formation of anti-HSA in only one out of six animals, whereas the 7 per cent
enrichment with tyrosine terminated tolerance in four out of six rabbits, starting
already after the second immunization. Further enrichment (13 per cent), however,
decreased somewhat the capacity of the conjugate to elicit antibodies to HSA in
HSA-tolerant animals. Here, the formation of anti-polytyrosyl antibodies preceded
the production of anti-HSA; and when anti-HSA antibodies had been detected
they were of a lower level than those produced by the - -,er cent pTyrHSA. It
is, therefore, concluded that there is an optimal degree uf molecular alteration
which will confer on the altered antigen the maximal potency to terminate
tolerance.

The level of tolerance breakdown, obtained by pTyrHSA, was significantly
greater than the level of breakdown obtained previously by other chemically
altered proteins, such as azo-conjugates. WeigleG7 ) achieved the most potent re-
activati( i of anti-BSA, in BSA-tolerant animals, following immunization with an
arsanil-sulfanil-BSA. However, the ratio of anti-BSA to the antibody to the
homologous antigen was in 7/9 tolerant animals significantly lower than in the
normal controls. On the other hand, in our system, when tolerance was terminated
by p'I'yrHSA enriched with 3 or 7 per cent tyrosine residues, the ratio of anti-
HSA to antibodies to the homologous antigens was in 4/5 animals of the same order
in the tolerant and in the control animals. It appears, therefore, that the level of
tolerance breakdown as measured by this ratio was definitely greater than that
reported for azo-conjugates of serum proteins or, in fact, by any other system which
was shown to terminate tolerance.(6 .8.3 0 )

The ratio of antibody production to HSA and to pTyrHSA in the tolerant and
control animals should be considered in relation to the possible cellula; basis of
immunological tolerance. One af the central problems of immunological tolerance
is whether there is only a tolerant organism, from which certain predetermined cells
have been eliminated,0 1A.a1) or wh,:ther there are tolerant cells per se.i3,34

According to the clonal selection cotcept, the tolerant state is based on the elimina-
tion of specific predetermined clones. The immunological reactivation would then
depend on the reappearance of clonal stem cells which would have to replicate,
i.e. to form 'clones' of proper cell populations, prior to the formation of detectable
amount of antibody. If cells predetermined to form anti-HSA have been eliminated
from the organism in liSA-tolerant animals, whereas those capable of forming anti-
polytyrosine have not, then the reactivation will depend on the gradual regenerarion
of clones capable of forming anti-FISA. The sizes of the cell .opulations capable of
forming anti-lISA in the tolerant animals should be smaller during the 'regenera-
tion' process than those capable of forming anti-HSA in the normal animals.
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Accordingl) , it would be expected that thIei ratio of anti-I IS.\ to anti-pTy'rltA in
the normal animals, would be ditferent from that ratio in the tolerant animals.
Yet, we found that when a proper breakdown has been achieved, the ratio of the
two groups was of the same order. If this similarity represents a similarity it) the
sizes of cell populations engaged in antibody production, then our results are not
compatible with the notion that tolerance is based on the elimination of cells.
They are compatible with the notion that tolerant, specifically non-reactive cells,
do exist, and the experimental breakdown is based on the reactivation of these
cells which previously were non-reactive to HSA.(3•5

The experimental termination of acquired tolerance may be relevant to the
termination of natural tolerance, if the two systems are based on a similar mechan-
ism. So far, however, very little is known on the mechanism of immunological
tolerance ---- and the similarity between acquired and natural tolerance can be
deduced only from the similarity in the immunological manifestations following
various experimental treatments. Indeed, applying this approach, Boyden and
Sorkin(5+ claimed to have obtaineL, different responses to the haptenic determinants
%%hen tes+iag azo-conjugates of proteins towards which the animals were made
tolerant, as compared to those towards which the animals are naturally tolerant.
Nachtigal and Feldman,' 6) on the other hand, found a complete similarity between
these two systems, when analysing the responses to the haptenic groups. In the
present study further evidence is brought, indicating that the immunological
manifestations of the two systems are similar: antibodies to the polypeptidyl
determinants (both Tyr and Ala) were obtained with RSA-conjugates, as well as
with HSA-conjugates injected to IISA-tolerant rabbits. If, in fact, th;i similarity
represents a basic similarity in the mechanism of the two systems ,4f tolerance, then
the results obtained in the experimental termination of acquired unrespopsiveness
may be relevant to the termination of natural tolerance.

S1UMMARY
A study w'as made of the immune responses to polypeptidyl proteins in rabbits

which were either naturally tolerant or made experimentally unresponsive to the
protein carriers. E-perimentall acquired tolerance to I IS.. could he terminated by
imnmunization of the unrespon.sive rabbits mith poly-;.-tvrosvl derivatives l i ISA.
"Iwov parameters determined the breakdown of tolerance: (1) the chemical naturc
of the peptide, attached: polytyrosyl IISA. was emlective in the termt' ation of
tolerance to IIStX, %ahereas polyalanvl IISA was not; (2) the degri'e of enrichment
". ith tvrosine. ihcre appears to be ani optimal degree of enrichment, i.e. Oft molc ,Jar
alteration of the IlISA, which will tonter on the altered antigen the maximal potency
to tcrminate tolerance: a slight alteration (3 per cent enrichment of 1 ISA wkith TNyr)
and a secre alteration (13 per cent enrichment) wcre less eflectixe in tolerance
brcakdwmin than an intermediate degree of alteration (7 per ctnt enrichment %%ith

TYr). The lexc] eff toleranct breakdt, +n Obtained Iy pol.% t\ rf sI IISA, as ineasured
by thc ratio an•ti-I ISA anti-poil t.% r)svl lISA, was greater than the level o.btained

pr.\i<ously bn ftht'r ticruicalkl altcrted antigens. [he sign iticance of this ratio "as
discussed in rclation to the cellular basis of immunological tolerance. Antibodies
"were prf(Iucicd to the peptides pur .c, w hen attached to protei'Ins tow, ards k4hich the
animal is naturally tolerant (RSA), or to proteins to \% hich the animal has acquired

C ., + . -, - -Ill .I ... ...



,)it'tj l I l'r•ht in, in I ,Idc'ranicc tudies 26=

tolerance (11 S.\). In both systens, there %Nas a similar pa•tcrn of antibody fornia-
tio), which may retlect a sirnilaritv in mecl(l, _hanism bet"cen natural and actively
acquirt-d tolcrance.
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